Abstract.-Animals often exhibit predictable geographic variation in morphology, and such ecogeographic patterns reflect local adaptation to varying environmental conditions. The most common of these patterns are termed Bergmann's, Allen's, and Gloger's rules. I studied morphological variation in the Hawaii Elepaio (Chasiempis sandwichensis) and the Oahu Elepaio (C. ibidis), forest birds endemic to the Hawaiian Islands. I measured body size and plumage color of 223 live elepaios captured at 36 sites on Hawaii and 132 live elepaios captured at 23 sites on Oahu, and I examined 132 museum specimens from an additional 22 locations on Hawaii. I used multiple regressions to examine relationships of elepaio body size and plumage color to elevation and annual rainfall on each island. Size of Hawaii Elepaios varied among sites and was related to elevation and rainfall. Wing chord, tail length, and body mass had positive relationships with elevation, as predicted by Bergmann's rule. Proportional bill length and proportional tarsus length were inversely related to elevation, as predicted by Allen's rule. In Hawaii Elepaios, 17 of 20 plumage color variables were related to rainfall. Elepaios in wetter areas were more heavily pigmented and had fewer and smaller white markings, as predicted by Gloger's rule. Plumage color of Oahu Elepaios showed similar but weaker patterns and only two of 20 plumage characters were related to rainfall. All body-size and plumage-color measurements had smoothly clinal distributions, with no large gaps with respect to elevation or rainfall. Putative subspecies of the Hawaii Elepaio differed in mean value of several plumage characters, but there was overlap in plumage color among subspecies and variation within them, and none of the three subspecies was diagnosable from both other subspecies by any plumage character using the 75% rule. Elepaios differed morphologically among sites only a few kilometers apart because of their sedentary behavior and the steep gradients in temperature and elevation and limited climatic variation of the tropical environment of the Hawaiian Islands. Morphological variation in elepaios is smoothly clinal because there are few dispersal barriers and elepaios inhabit areas with a range of climates and vegetation. Although my results did not support the designation of subspecies within the Hawaii Elepaio, morphological and underlying genetic variation is important, and conservation of elepaios with varying phenotypes would preserve evolutionary potential and ability to adapt to climate change. Received 28 July 2010, accepted 28 July 2011.
Introduction
Aspects of animal morphology such as body size and coloration often exhibit predictable geographic variation, and these ecogeographic patterns are thought to reflect local adaptations to varying environmental conditions (Mayr 1956; James 1970 James , 1991 . Such patterns are widespread and have been described in numerous species of birds, mammals, reptiles, amphibians, and some invertebrates (Zink and Remsen 1986 , Ashton et al. 2000 , Ashton 2002 , Millien et al. 2006 , OlallaTárraga et al. 2006 , Olson et al. 2009 ). The most common of these patterns have been formalized into ecogeographic rules, and for over a century they have spurred interdisciplinary research in evolutionary ecology, biogeography, and functional morphology.
Perhaps the best-known ecogeographic pattern is "Bergmann's rule," the tendency toward larger body size in colder climates. Bergmann (1847) originally described this relationship using relative body size of species within a genus, but since then it also has been applied to individuals or populations within a species (Blackburn et al. 1999 , Ashton et al. 2000 , Ashton 2002 , Freckleton et al. 2003 , Millien et al. 2006 , and Olson et al. (2009) showed that it transcended higher taxonomic levels. The selective mechanism most often proposed to explain Bergmann's rule is thermoregulatory adaptation to varying environmental conditions; larger body size is selected in colder areas because the lower mass:surface area ratio results in less heat loss (Mayr 1956 , James 1970 , and smaller body size is favored in warmer environments because it allows greater heat dissipation (Brown and Lee 1969, McNab 1979) . The universality of this mechanism has been questioned, however (Scholander 1955 , McNab 1971 , Geist 1987 , Meiri and Dayan 2003 , and fasting ability and seasonality and environmental predictability have been proposed as alternative mechanisms (Lindsey 1966 , Boyce 1979 , Lindstet and Boyce 1985 , though the validity of Bergmann's rule is not necessarily dependent on a single mechanism (Ashton 2002 , Olson et al. 2009 ). Humidity may also play a role in Bergmann's rule by influencing the rate of evaporative heat loss (James 1970, Aldrich and James 1991) . Latitude and elevation are common proxies for temperature in studies of ELEPAIO MORPHOLOGICAL VARIATION 3 Bergmann's rule (Ashton et al. 2000 , Ashton 2002 , Olson et al. 2009 ). "Allen's rule" is related to Bergmann's and states that in endothermic animals the relative sizes of appendages such as limbs, ears, tail, and bill are smaller in colder environments (Allen 1877) . As in Bergmann's rule, the mechanism most often proposed to explain this pattern is selection for thermoregulatory advantage. Smaller appendages lose less heat in cold environments, providing an energetic savings (Scholander 1955 , Mayr 1956 ), and larger appendages can help to dissipate heat by serving as a radiator in hot environments (Tattersall et al. 2009 ). It has also been suggested that environmental temperature can directly influence appendage length by regulating growth, which indicates a possible ontogenetic component to this phenomenon (Serrat et al. 2008 ). Allen's rule has been reported most often in mammals (e.g., Griffing 1974 , Lindsay 1987 , but perhaps the most famous example comes from introduced populations of the House Sparrow (Passer domesticus) in North America Selander 1971, Fleischer and Johnston 1982) . Symonds and Tattersall (2010) provided the strongest evidence of Allen's rule by demonstrating that in several groups of birds, bill size was larger in species inhabiting warmer environments.
The third major ecogeographic pattern is "Gloger's rule," in which animals in warm and humid environments tend to be more heavily pigmented than those in cold and dry environments (Gloger 1833) . This relationship between coloration and climate has been described in a variety of birds and mammals in continental areas (Zink and Remsen 1986, Burtt and . Most of the dark colors typical of animals exhibiting Gloger's rule are produced by melanin pigments (McGraw 2006) , which are thought to serve a variety of functions, providing several possible mechanisms by which darker color could be advantageous in warmer and more humid environments. The amount of dark pigmentation could match environmental background color to reduce predation, with darker plumage being more cryptic in wetter environments (Zink and Remsen 1986) . Production of darker feathers is costly (Griffith et al. 2006 , McGraw 2006 , and birds in extreme environments may be less able to produce them (Burtt 1999) . Dark feathers absorb more solar energy than light feathers, which seemingly could provide a thermoregulatory advantage, but it has been shown that this heat is largely lost to convection or conduction and that white feathers actually transfer more heat to the body (Walsberg et al. 1978 , Walsberg 1982 , Ward et al. 2002 . Melanin has been shown to increase feather hardness and abrasion resistance, leading to improved feather condition and longer feather life (Barrowclough and Sibley 1980 , Burtt 1986 , Bonser 1995 . Evidence that melanization deters ectoparasites is equivocal (Kose et al. 1999 , Bush et al. 2006 ), but there is increasing evidence that melanin inhibits growth of feather-degrading bacteria , Goldstein et al. 2004 ). Higher melanin content appears to be an adaptation to maintain feather condition and increase feather life in humid environments more conducive to bacterial growth and may play an important role in evolution of plumage color in birds (Clayton 1999 , Grande et al. 2004 , Gunderson 2008 ).
Bergmann's, Allen's, and Gloger's rules have been described primarily in continental areas at large geographic scales. However, interpretation of correlations between morphological characters and environmental variables such as temperature and precipitation has sometimes been hindered by covariation of these environmental variables across continents (Millien et al. 2006) . It is unusual for a species to exhibit a wide range of morphological variation over short geographic distances. The Hawaiian Islands offer excellent opportunities for examining ecogeographic patterns of morphological variation because gradients in temperature and precipitation are largely independent within the archipelago. The island of Hawaii in particular, with its extremes of elevation and climate, represents a microcosm that offers an exceptional system in which to examine environmental correlates of morphological variation and adaptation.
The elepaios (Chasiempis spp.) are monarch flycatchers (Monarchidae) endemic to the Hawaiian Islands. Elepaios occur on Kauai, Oahu, and Hawaii but are absent from the four islands of the Maui Nui group (Maui, Molokai, Lanai, and Kahoolawe) in the center of the archipelago (VanderWerf 2007) , even in the fossil record (Olson and James 1982, Burney et al. 2001) . Each island form was originally described as a separate species: Chasiempis sandwichensis Gmelin 1789 on Hawaii; C. sclateri Ridgway 1882 on Kauai; and C. ibidis Stejneger 1887 (formerly C. gayi Wilson 1891; see Olson 1989) on Oahu. These taxa were later reclassified as subspecies (Bryan and Greenway 1944) and were considered conspecific for many years (Berger 1981 , American Ornithologists' Union [AOU] 1998 , Pyle 2002 , but some authorities continued to treat them as separate species on the basis of morphological and ecological differences (Olson and James 1982 , Conant et al. 1998 , Pratt and Pratt 2001 . More recently, molecular evidence showed that elepaios on each island form monophyletic clades that warrant species classification , and behavioral evidence from inter-island song-playback experiments demonstrated that song could serve as an isolating mechanism (VanderWerf 2007) . The AOU accepted a taxonomic revision in which the island forms are again recognized as distinct species on the basis of a combination of morphological, ecological, molecular, and behavioral evidence (Chesser et al. 2010) . The Kauai Elepaio and Hawaii Elepaio are fairly common and widespread ( Fig. 1 ; Scott et al. 1986 , Gorresen et al. 2009 Elepaios exhibit substantial morphological variation among and within islands (Pratt 1980 , VanderWerf 1998 . Intra-island plumage-color variation is most pronounced on Hawaii, where two or three subspecies are recognized by some authorities on the basis of plumage color (Henshaw 1902; Pratt 1979 Pratt , 1980 . Elepaios in wet forests on the windward, eastern side of the island (C. s. ridgwayi; Fig. 1 ) tend to be darker and redder; those in drier forests on the leeward, western side (C. s. sandwichensis) tend to be paler and grayer; and those in dry, high-elevation forest on Mauna Kea (C. s. bryani) are even paler and often have more white on the head (Pratt 1980) . Similar, previously undescribed geographic plumagecolor variation occurs in Oahu Elepaios. The present study also reports for the first time that Hawaii Elepaios exhibit substantial geographic variation in body size. Pratt (1980) examined geographic color variation in the Hawaii Elepaio and described the apparent distribution of the three subspecies. Henshaw (1902) and Pratt (1980) also noted, Fig. 1 . Current range of elepaios, study-site locations, rainfall, and elevation. The range of elepaios has declined on all islands, especially at lower elevations. Several sites treated as intergrade zones lie outside the current range and were represented only by museum specimens.
ELEPAIO MORPHOLOGICAL VARIATION 5 however, the existence of several zones of intergradation, where elepaios showed mixed characters. Such intergradation was reported in the Kau area on the southern slope of Mauna Loa, in kipukas (pockets of forest within recent lava flows) in the Saddle Road area in the center of the island, and on the northern slope of Mauna Kea (Fig. 1) . Not coincidentally, these are also areas where climate shifts most rapidly from wet to dry because of the rain shadow cast by massive volcanoes that block the prevailing northeasterly trade winds. Pratt (1980) also pointed out several areas where elepaios were known to occur but where no specimens had been collected. Understanding of geographic variation in elepaio coloration can be improved by further examination under a rigorous ecogeographic framework and by collection of data from additional locations. These patterns of variation are primarily of ecological interest, but examining the nature and extent of variation can also be useful in clarifying taxonomy.
The subject of avian subspecies has been controversial, with much debate about criteria for identifying subspecies and even the validity of the subspecies concept (Mayr 1982 , Phillimore and Owens 2006 , Rising 2007 , Fitzpatrick 2010 , James 2010 , Winker 2010 . Subspecies traditionally have been based on geographic discontinuities in phenotypic traits, but many taxa have been named along smooth clines in a single character, perhaps erroneously (Winker 2010) . Several authors have emphasized the need for more objective and rigorous criteria in defining subspecies (Cicero and Johnson 2006 , Rising 2007 , Patten 2010 , Remsen 2010 . Amadon (1949) prescribed 75% as a minimum proportion of morphological differentiation between geographic areas or populations for them to qualify as subspecies. Patten and Unitt (2002) formalized the "75% rule" and provided a numerical index that can be used to test whether subspecies meet this criterion. If this rule is applied to continuously varying characters that are normally distributed, at least 75% of the distribution of a particular character must lie outside the distribution of that character in other populations for a population to be considered a subspecies (Patten and Unitt 2002) . Although choosing a prescribed degree of differentiation is arbitrary, it provides a consistent framework for quantitatively addressing the interface between morphology and taxonomy.
The goals of the present study were to (1) further investigate geographic variation in elepaio coloration, especially on Hawaii but also on Oahu; (2) describe previously unknown geographic variation in elepaio body size; (3) relate morphological variation to climate and behavior to elucidate selective forces that shape morphology; (4) evaluate elepaio taxonomy and validity of subspecies within the island of Hawaii using standardized morphological criteria; and (5) discuss why morphological variation is important in conservation.
Methods
Study species.-Elepaios are insectivorous, nonmigratory, and adaptable, and pairs defend allpurpose territories year round (VanderWerf 1993 (VanderWerf , 1994 (VanderWerf , 1998 (VanderWerf , 2004 . Their life histories are typical of many tropical, island, and south temperate birds (Martin 2002) , characterized by high adult survival (>80% per year), long life span (≤19 years), low fecundity (median clutch size = 2), and extended parental care (VanderWerf 2008 (VanderWerf , 2009 ). Elepaios are sedentary, and their dispersal is driven by intraspecific competition and territory availability. They usually disperse only far enough to find a vacant territory and rarely cross large areas of unforested habitat. Natal dispersal distances observed in Hawaii Elepaios were short but were longer in males (539 ± 68 m [SE]) than in females (357 ± 82 m), and instances of breeding dispersal have been <400 m (VanderWerf 2008) . In dense populations, young birds usually act as floaters and do not acquire a territory and mate until their third year (VanderWerf 2004 (VanderWerf , 2008 .
Elepaios are sexually mature and sometimes breed at 1 year of age, but they exhibit a 2-year delay in plumage maturation in both sexes (see cover; VanderWerf 2001 VanderWerf , 2004 . The subadult plumages function in status signaling and reduce aggression from dominant adults (VanderWerf and Freed 2003) . Because the age-specific plumages differ in color and could confound comparisons among subspecies and sites, I used only birds in definitive (adult) plumage in analyses of geographic color variation. In definitive plumage, the ventral surface is white with darker streaks, the dorsal surface is brown (Hawaii and Oahu) or gray (Kauai), and the wing coverts, rump, tail, and throat feathers have conspicuous white tips (see cover). The first basic plumage is largely plain grayish-brown (Hawaii) or reddishbrown (Oahu and Kauai; see cover). The second basic plumage is more similar to definitive plumage but differs in having only partly white tips to feathers on the wing coverts, rump, and throat, and in the somewhat browner breast and eyebrow (see cover; VanderWerf 2001).
Male elepaios are ~10% larger than females in most body measurements at a given site (VanderWerf 1998; see below), so the sexes had to be identified in order to study geographic size variation. I used several methods to distinguish males and females: reproductive condition-that is, presence of a brood patch (females only) or a cloacal protuberance (males only); color of the throat feathers in definitive plumage (more white in females; VanderWerf 2001); vocalizations (females rarely sing); and genetic sexing in a few cases.
Juvenile elepaios have shorter remiges and rectrices than adults (VanderWerf 1998) , and these feathers are retained in the first basic plumage because the first prebasic (postjuvenal) molt is only partial (VanderWerf 2001) . Wing chord and tail length of birds with juvenal and first subadult plumages are thus shorter and cannot be directly compared with those of older birds. I therefore used only males in definitive or second basic plumage in comparisons of size. It might be possible to correct for differences in size between age classes, but gradients of body size in relation to climate may differ between the sexes because male elepaios tend to disperse farther than females, as evidenced by direct observations and molecular genetics (VanderWerf 2008 ).
Study sites.-The Hawaiian Islands are volcanic in origin and formed sequentially as the Pacific plate of the earth's crust moved northwest over a hot spot where magma from the mantle reaches the surface (Walker 1990, Carson and Clague 1995) . Islands at the southeastern end of the chain are younger and generally higher and larger, with each island to the northwest progressively older and more eroded. Hawaii is the youngest and most volcanically active of the Hawaiian Islands and is composed of five distinct shield volcanoes that range in age from zero to 0.43 million years ( Fig. 1) : Mauna Kea at 4,205 m, Mauna Loa at 4,169 m, Hualalai at 2,521 m, Kohala at 1,670 m, and Kilauea at 1,248 m. Oahu is the second oldest of the main Hawaiian Islands at 3.7 million years and is composed of two roughly parallel mountain ranges, the Koolau in the east, which reaches a maximum elevation of 960 m at Konahuanui, and the Waianae in the west, with a maximum elevation of 1,220 m at Kaala. Ambient temperatures in Hawaii exhibit wide variation over short distances because of the range of elevations yet are also extremely equable over time because of the tropical location of the islands and the moderating influence of the Pacific Ocean. At a given location, the daily temperature variation throughout the year averages 5-8°C, and the seasonal temperature variation averages only 5°C at sea level (Juvik and Juvik 1998) . By contrast, the lapse rate of temperature with increasing elevation is ~6.5°C per 1,000 m below 1,250 m and ~4°C per 1,000 m at higher elevations (Juvik and Juvik 1998) . Most variation in temperature within the Hawaiian Islands is thus caused by elevation, and locations that are geographically very close can experience very different temperature regimes. Lowland forests bathed in warm humid air year round exist <20 km from the alpine slopes and snow-capped summits of Mauna Kea and Mauna Loa.
Prevailing northeasterly trade winds that sweep moisture across the northern Pacific are forced upward by the massive volcanoes in Hawaii, causing condensation and high rainfall on the northern and eastern (windward) slopes of each island (Fig. 1) . The rain shadow formed by each volcano causes their southern and western slopes to be generally drier, but convectional heating and sea breezes on these leeward slopes also cause cloud formation, leading to additional peaks in rainfall (Fig. 1) . As with temperature, geographically close locations can experience very different amounts and patterns of rainfall. Annual rainfall ranges from ~0.4 m year -1 along the western coasts of each island and at the highest elevations of Mauna Kea and Mauna Loa, to >6 m year -1 on the eastern side of Hawaii and on the summit of the northern Koolau Mountains of Oahu. The northern and eastern slopes of each island are covered in dense rainforest, and the southern and western slopes support mesic forest and dry shrubland. On Hawaii, the forest becomes more open, drier, and stunted at higher elevations, giving way to subalpine shrubland and grassland above ~2,500 m, and eventually bare ash, cinder, and rock with only sparse vegetation toward the summits of Mauna Kea, Mauna Loa, and Hualalai. On Oahu, the upper slopes become progressively steeper, wetter, and more windswept, and the summits support low elfin forest and montane shrubland.
I collected data on body size and plumage color from 355 Hawaii Elepaios in 58 locations. Of 7 these, 223 were live birds captured in 37 locations and 132 were museum specimens collected in 22 locations. These sites encompassed the entire current range and the complete climatic breadth occupied by the species (Fig. 1) . Twenty-six of the locations were within the range of C. s. ridgwayi, 16 in that of C. s. sandwichensis, 5 in that of C. s. bryani, and 11 in zones of intergradation between the subspecies ( Fig. 1 and Appendix) . In some cases, I sampled from multiple locations within larger areas that spanned a wide range of elevation or climate, such as Hawaii Volcanoes National Park, Hakalau Forest National Wildlife Refuge (NWR), Manuka Natural Area Reserve, Kau Forest Reserve, Mauna Kea Forest Reserve, and The Nature Conservancy's Kona Hema Preserve. Most sampling locations were separated by >5 km, except those representing C. s. bryani, which is currently restricted to 63 km 2 of highelevation native forest on the western slope of Mauna Kea. The five locations representing that subspecies were separated by <5 km but differed in elevation by ≤500 m.
On Oahu, I collected data on body size and plumage color from 132 live elepaios in 23 locations representing all areas of the island in which the species still occurs ( Fig. 1 and Appendix). The Oahu Elepaio has declined seriously in range, however, and it currently occupies only 4% of its presumed prehistoric distribution . Because the Oahu Elepaio has been extirpated from the wettest and driest parts of the island, it was not possible to sample the entire climatic breadth it once occupied. I examined specimens of the Hawaii Elepaio and Oahu Elepaio from the Bishop Museum in Honolulu, the American Museum of Natural History, and the Louisiana State University Museum of Natural Sciences. The locality information given for most specimens encompassed a large geographic area, such as "North Kona" or "Waianae Mountains, Oahu," and this was not specific enough to determine elevation or rainfall where the specimen was collected. In a few cases the elevation was provided on the specimen label, making it possible to determine elevation and rainfall for 43 museum specimens from five locations: Puu Laau, Kaumana, Volcano House, and two areas along Saddle Road. Data from other Hawaii Elepaio museum specimens were used only in comparisons of putative subspecies, for which elevation and rainfall data were not required. The Hawaii Elepaio has been extirpated from several areas where birds were collected, making those specimens particularly valuable. No Oahu Elepaio museum specimens had locality information specific enough for inclusion in analyses of ecogeographic variation, and none came from an area outside the climatic range in which I sampled live birds.
I used elevation as a proxy for temperature because temperature data were available from only a small number of weather stations on each island. Elevation is often used in this way (Ashton 2002) , and the relationship between elevation and temperature is especially strong in the Hawaiian Islands because of small daily and seasonal temperature variations. I measured elevation at each sampling location by taking a global positioning system (GPS) point and plotting it on a digital topographic map with elevation contours. Eleva I measured annual rainfall at each sampling location by using a geographic information system to plot GPS points on a digital topographic map with digital rainfall isohyets developed by Giambelluca et al. (1986) . To obtain more precise measures of rainfall at sampling locations, I interpolated between isohyets on the basis of proportional distance to the two nearest isohyets. Annual rainfall at the locations sampled on Hawaii In many parts of the world, orographic precipitation patterns make it difficult to separate the effects of elevation and rainfall on phenotypic variation. In Hawaii, these effects can be separated more easily because orographic precipitation patterns differ between the windward and leeward sides of each island. Rainfall increases with elevation on both aspects, but rainfall at a given elevation will be higher on the windward side of an island than on the leeward side (Giambelluca et al. 1986 ). I used linear and polynomial regression analyses to examine relationships between elevation and rainfall at study sites on Hawaii and Oahu. The relationship between elevation and rainfall was best described by a second-order polynomial function on both Hawaii (R 2 = 27.3%, F = 6.19, P = 0.005) and Oahu (R 2 = 35.8%, F = 5.57, P = 0.01), with rainfall highest at middle elevations (Fig. 2) .
I assigned birds from each sampling location to subspecies following Pratt (1980) , with birds from locations regarded as zones of intergradation not assigned to any subspecies. No specimens of Hawaii Elepaios exist from the Kohala area, and they were not considered by Pratt (1980) . I assigned birds from Puu Oumi Natural Area Reserve in Kohala to C. s. ridgwayi because their plumage was typical of that subspecies, which is expected given the high rainfall in the area. I treated the following sites as being within zones of intergradation: Kalopa, Kapapala, Kau, Puu Oo Trail and other Saddle Road kipukas at higher elevations, Mana, Waimea, and Kuaia. Pratt regarded Kuaia as being near Hilo and, thus, within the range of C. s. ridgwayi, but I could find no such place name. It is possible that "Kuaia" is a misspelling of "Koaia," the common name of a tree (Acacia koaia) that is also sometimes used for a region on the southern slope of Kohala Volcano. Compared with the data used by Pratt (1980) , my data set included a larger number of locations (58 vs. 23) and more complete geographic representation.
Data collection.-I captured elepaios in mist nets at each site, often using playbacks of recorded songs to attract them and increase the capture rate. Males are more active than females in territorial defense and respond more aggressively to playbacks Freed 2003, VanderWerf 2007) , and I captured more males than females. I banded each bird, weighed and measured it, inspected it for molt and breeding condition, measured plumage color, photographed it, and released it at the site of capture within 1 h. I also collected a small blood sample from the brachial vein of each bird for use in genetic and disease research. I measured every bird myself.
I quantified elepaio body size using five standard measurements: wing chord from base of the carpometacarpus to tip of the longest primary feather, with the wing bent 90° at the carpometacarpal joint and the primaries flattened but not straightened; tail length from tip of the longest (central) rectrix to where it emerged from the skin just posterior to the uropygial gland; bill length as exposed culmen, which is length of the maxilla from the tip to where it emerges from the skin on the forehead; tarsus length from the notch at the base of the tarsometatarsus to the distal edge of the last undivided scute on the anterior surface of the leg (i.e., "short" tarsus); and body mass with a 50-g spring scale. On museum specimens it was difficult to measure tarsus length or tail length without damaging the specimen, and body mass was not available, so I used only wing chord and bill length from museum specimens.
I quantified elepaio plumage color using 20 variables. I measured color of the brow, crown, back, and breast by visual comparison with Munsell color chips, yielding three variables for each of the four body regions (Munsell Color 1994; see below) . I counted the number of feathers with white tips on the greater wing coverts and rectrices (on one side of the body), and measured the length of white tips on the greater wing coverts, median wing coverts, rump, and rectrices. Length of white feather tips varied somewhat within each body area. To reduce subjectivity and increase repeatability, I measured the longest tip on the wing coverts and rump, and length of the tip along the shaft of the outermost rectrix, which usually had the longest tip. I estimated proportion of the brow that was white to the nearest 10%. I scored the amount of streaking on the breast on a scale from 0 to 5, using the following definitions: 0 = no streaks; 1 = very light streaks or light streaks confined to sides of breast; 2 = light streaks extending across the breast but interspersed with white and not forming a solid band; 3 = moderate streaks forming a solid band across the breast; 4 = heavy streaks extending onto the flanks; and 5 = very heavy streaks covering most or all of the ventral surface. On most museum specimens it was difficult to count the number of white tips on the median coverts or rectrices without damaging the specimen, so I did not do so.
In the Munsell system a color is described by three parameters: hue (spectral color or wavelength), value (darkness), and chroma (intensity or saturation). The notation for hue is a letter (Y for yellow, YR for yellow-red, R for red, etc.) preceded by a number from 0 to 10. Higher numbers represent equivalent decreases in wavelength, with 10 equal to 0 for the next lower-wavelength letter (i.e., 10YR = 0Y, with 5 YR intermediate). Value is measured on a linear scale from 0, for black, to 10, for white. Chroma is measured on a linear scale from 0, for neutral gray, to 20 for extremely intense colors. For example, 10YR 5/8 would mean a color with a hue of 10 yellow-red, a value of 5, and a chroma of 8. The Munsell color system offers several advantages over the Smithe (1975) color system often used in ornithology: (1) the Munsell system provides more color choices than Smithe (1975) , allowing distinction of finer differences and obviating the need for subjective adjectives; (2) each Munsell color differs from others by a standard and quantifiable amount, making measurements more suitable for statistical analyses; (3) in the Munsell system the three attributes of color are measured independently; and (4) the Munsell system does not use subjective English names and can be used internationally with little translation. The Smithe (1975) system provides examples of colors but does not actually measure them; to measure his color standards, Smithe (1974) relied on the Munsell system. Nevertheless, I also described the appearance of elepaios using Smithe (1975) colors to facilitate comparison with Pratt (1980) .
Analyses.-I compared the size of male and female elepaios using a general linear model for each of the five variables (wing chord, tail length, bill length, tarsus length, and body mass), with sex and site as independent variables, using only sites where at least two birds of each sex were captured (n = 10 sites). Size of males and females could not be compared across sites without also including site as a factor, because size varied with elevation. I examined the relationship of body size and climate (Bergmann's rule) with a series of multiple regression analyses using elevation and rainfall at each site as independent variables and the average value of wing chord, tail length, bill length, tarsus length, or body mass at each site as the dependent variable. I investigated Bergmann's rule only on Hawaii because elevation range on Oahu was narrower and there was insufficient variation in size of Oahu Elepaios.
I examined the relationship between proportional appendage length and climate (Allen's rule) with a series of multiple regression analyses using elevation and rainfall at each site as independent variables and the ratio of each appendage length (wing chord, tail length, bill length, tarsus length) to body mass at each site as the dependent variable. I used the ratio of appendage length to body mass instead of simply appendage length to control for body size.
I examined the relationship of plumage color and rainfall (Gloger's rule) with a series of regression analyses using annual rainfall at each site as the independent variable and the average value of each of the 20 plumage variables at each site as the dependent variable. I used Munsell measures of value and chroma without modification, but measures of hue were first converted to a numerical scale (white = 0, 2.5Y = 1, 10YR = 2, 7.5YR = 3, 5YR = 4, and 2.5YR = 5). I chose numerical values for hue such that colors that were less reddish had lower values.
I applied the Dunn-Šidák correction for multiple comparisons in all analyses. For example, in analyses of plumage color, I used an alpha level of 0.0026 to test significance of the relationship in each of the 20 variables.
To investigate the validity of Hawaii Elepaio subspecies, I conducted pairwise diagnosability tests on each plumage variable based on the 75% rule, using an index provided by Patten and Unitt (2002) :
, where D 12 is the index between populations 1 and 2, population 2 has the larger mean, x is the sample mean, and S is the sample standard deviation. The t values were determined for α = 0.01 and the degrees of freedom of population 1 (df 1 = n 1 -1, where n 1 is the sample size for population 1) and α = 0.25 and df 2 = n 2 -1. If D 12 ≥ 0, population 1 was diagnosable from population 2; if D 12 < 0, population 1 was not diagnosable from population 2. I excluded birds from zones of intergradation.
Results
Body size and appendage length.-Male Hawaii Elepaios were larger than females in all five body measurements, including wing chord, tail length, bill length, tarsus length, and body mass (Table 1 and Fig. 3) . The difference in size between males and females varied somewhat among sites, probably because of sampling error, but males were consistently larger in all five measurements. Because size varied with both sex and site, I used only males in subsequent analyses of ecogeographic size variation.
Size of male Hawaii Elepaios varied substantially among sites. The difference in size between sites with the smallest and largest average measurements was 10% in wing chord (70.0-77.0 mm), 21% in tail length (59.3-71.5 mm), 11% in tarsus length (21.9-24.3 mm), 17% in bill length (12.3-14.4 mm), and 21% in body mass (14.5-17.6 g).
This variation was related to elevation and, to a lesser degree, rainfall. Multiple regression analyses showed that wing chord, tail length, and body mass were related to climate and that, in most cases, this relationship was caused primarily by elevation and not rainfall (Table 2 and Figs. 4 and 5). Wing chord, tail length, and body mass had positive relationships with elevation but were not related to rainfall. Tail length had a negative relationship with rainfall. Bill length showed a negative trend with elevation, but the relationship was not quite significant. All body-size measurements had continuous, smoothly clinal distributions, with no large gaps or breaks with respect to elevation or rainfall (Figs. 4 and 5) . Variation in body size of Oahu Elepaios was not examined because they occurred over a narrower range of elevations and exhibited insufficient variation.
Variation in proportional appendage length of male Hawaii Elepaios also was related to climate. Multiple regression analyses showed that proportional bill length and proportional tarsus length were inversely related to elevation and that proportional tail length was inversely related to rainfall (Table 3 and Fig. 6) .
Plumage color.-Plumage color of male Hawaii Elepaios varied among sites in several ways, and much of the variation was related to annual rainfall, which was a significant predictor for 17 of 20 plumage variables (Table 4 and Fig. 7) . Each variable had a continuous, smoothly clinal distribution with respect to rainfall and did not exhibit large gaps or breaks. Elepaios in wetter areas were generally darker and redder and had fewer and smaller white markings. Specifically, birds in wetter areas had fewer white tips on the tail and greater wing coverts, and white tips on the greater wing coverts, median wing coverts, rump, and tail were shorter in areas with higher rainfall. The amount of white in the brow also declined with rainfall, with birds in the wettest areas having no white in the brow and many birds in the driest areas having completely white brows. The amount of breast streaking was greater in areas of high rainfall, with birds in the wettest areas having dark reddish-brown streaks that extended across the entire ventral surface from the throat to the flanks, and birds in the driest areas having pale tan streaks confined to the sides of the upper breast. In areas with higher rainfall, the hue or spectral color of the brow, crown, back, and breast was more red; the value of the brow, crown, and breast was lower (darker); and the chroma of the brow and crown was higher (more intense).
Using colors from Smithe (1975; capitalized) closest to the Munsell measures, birds in the wettest areas had a brow ranging from bright Russet to dark Chestnut, a crown and back of Fuscous or Raw Umber, a completely dark Amber breast, and short white tips on the wing coverts, rump, and tail. Birds in dry areas had a brow ranging from Cinnamon to Rufous, often mixed with white or entirely white, a Burnt Umber or Olive Brown back and crown, streaks of Antique Brown confined to the sides of the breast, and broad white tips on the wing coverts, rump, and tail. Plumage color of Oahu Elepaios also was related to rainfall and showed geographic patterns similar to those on Hawaii, but the relationships were generally weaker and only 2 of 19 plumage characters were significantly associated with annual rainfall (Table 4 and Fig. 7) . The range of variation in rainfall and in most plumage variables was smaller on Oahu. Two variables, numbers of white tips on the median wing coverts and the rectrices, exhibited almost no variation. One variable, back chroma, showed a stronger relationship with rainfall on Oahu than on Hawaii.
Subspecific variation and diagnosis.-The mean values of several plumage characters differed among putative subspecies on Hawaii. For example, greater-covert tip length, amount of white in the brow, and brow value differed between C. s. bryani and C. s. ridgwayi (Fig. 8) . However, diagnosability tests using the 75% rule index of Patten and Unitt (2002) indicated that none of the subspecies was diagnosable from both other subspecies using any of the 20 plumage characters examined (Table 5) . Chasiempis s. ridgwayi and C. s. bryani were diagnosable using greater-covert tip length, amount of white in the brow, and brow value, but C. s. sandwichensis was intermediate in each case and none of those characters could be used to distinguish C. s. bryani from C. s. sandwichensis or C. s. sandwichensis from C. s. ridgwayi (Fig. 9) . Similarly, C. s. sandwichensis and C. s. ridgwayi could be distinguished by breast hue, but neither could be distinguished from C. s. bryani at the 75% level using this character.
Difficulty in distinguishing the subspecies resulted from overlap among subspecies and from individuals that exhibited plumage color atypical of their putative subspecies. For example, 8 of 47 individuals (17%) of C. s. bryani did not have the pale, largely (≥90%) white brow described as characteristic of this subspecies, and some individuals of other subspecies (not including zones of intergradation) had a Fig. 3 . Body-size measurements in male and female Hawaii Elepaios at 10 sites. Males were larger than females in all five characters examined. For results of general linear models, see Fig. 4 . Relationship of body size to elevation in male Hawaii Elepaios. Elepaios at higher elevations were larger in wing chord, tail length, and body mass, as predicted by Bergmann's rule, but elevation was not a significant predictor of bill length or tarsus length. For results of regression analyses, see Table 2. 13 largely white brow, including 33 of 107 individuals (31%) of C. s. sandwichensis and 8 of 156 individuals (5%) of C. s. ridgwayi (Fig. 9B) . Two of the birds from Puu Laau that did not have mostly white brows or extensive white markings were paratypes used by Pratt (1979) in the description of C. s. bryani (specimen nos. LSU81709 and LSU81720; Fig. 10H ). Birds that exhibited a largely white brow and extensive white markings were found in multiple locations, some of which were not geographically close to the putative range of C. s. bryani, including Pohakuloa Training Area, Puu Waa Waa, Kona Forest NWR, Kona Hema Preserve (Fig. 10E) , Manuka, and Ocean View Estates (Fig. 10G ) in the range of C. s. sandwichensis, and Hakalau Forest NWR (Fig. 10F ) and the Mauna Loa Strip of Hawaii Volcanoes National Park in the range of C. s. ridgwayi.
Discussion
Ecogeographic variation in elepaio morphology.-Hawaii Elepaios and, to a lesser extent, Oahu Elepaios exhibited substantial geographic variation in body size and plumage color, and much of this variation was related to climate. Variation in Hawaii Elepaio plumage color has been studied (Henshaw 1902 , Pratt 1980 ), but variations in plumage color of Oahu Elepaios and body size of Hawaii Elepaios have not been described previously. Patterns of morphological variation in both species were smoothly clinal, with all measures of body size and plumage Fig. 5 . Relationship of body size to annual rainfall in male Hawaii Elepaios. Tail length was shorter in areas of higher rainfall, perhaps reflecting Bergmann's rule, but rainfall was not a significant predictor of other morphological characters. For results of regression analyses, see Table 2. color varying continuously with respect to elevation and rainfall and no large gaps in their distribution. These two clinal patterns combined to create a complex array of phenotypes across the landscape.
Similar patterns of morphological variation have been described in numerous species of birds, mammals, reptiles, and other groups (Zink and Remsen 1986 , Ashton 2002 , Freckleton et al. 2003 , Millien et al. 2006 . Among birds, the range of morphological variation exhibited by elepaios is similar to that in several other species, such as Song Sparrows (Melospiza melodia; Aldrich 1984 , Patten and Pruett 2009 and Savannah Sparrows (Passerculus sandwichensis; Rising 2001 , Rising et al. 2009 ). However, this degree of variation over such a small geographic area is unusual. The maximum distance between sampling points on Hawaii was <100 km (Fig. 1 ), but these locations ranged in elevation from 360 m to >2,300 m, and annual rainfall ranged from 0.5 m to >6 m (Appendix). The largest and palest elepaios in the arid, subalpine woodland at Puu Laau were separated by only 30-40 km from the smallest, darkest birds in dense rainforest at Piihonua in the Hilo Forest Reserve and lower Table 3 . Relationships of proportional appendage length to elevation and rainfall in male Hawaii Elepaios, based on regression analyses of the ratios of wing length, tail length, bill length, and tarsus length to body mass. Birds at higher elevations had proportionally shorter bills and tarsi, as predicted by Allen's rule, but proportional wing length and tail length were not related to elevation. P values marked with an asterisk were significant at α = 0.0125 with the Dunn-Šidák correction for multiple comparisons. Fig. 6 . Relationship of proportional appendage length to elevation in male Hawaii Elepaios. Elepaios at higher elevations had proportionally shorter bills and tarsi, as predicted by Allen's rule, but proportional wing length and tail length were not related to elevation. For results of regression analyses, see Table 3 .
Hakalau Forest NWR. The only other bird species known to have similar morphological variation over an area of comparable size is the Mascarene White-eye (Zosterops borbonicus) on Reunion (Gill 1973) , and many parallels exist between that species and the two elepaios. All are adaptable and sedentary, and the islands on which they occur are roughly similar in size, elevation, terrain, and latitude and have similarly steep gradients in temperature and climate (Gill 1973) . Among Hawaiian species, elepaios are not unique in this respect; geology and environmental variation in the Hawaiian Islands have shaped the evolutionary ecology of many groups of animals and plants, producing some of the best-known examples of adaptive radiation and diversification (Fleischer et al. 1998 , Holland and Hadfield 2004 , Cowie and Holland 2008 , Givnish et al. 2008 , Percy et al. 2008 .
The ecogeographic patterns of morphological variation in elepaios are also compelling because they were replicated on two islands, Hawaii and Oahu. Although the range of morphological variation observed on Oahu was smaller, the Oahu Elepaio has declined substantially and no longer occupies the wettest or driest portions of the island ( Fig. 1; VanderWerf et al. 2001 ). The Oahu Elepaio probably exhibited a wider range of morphological variation before its distribution was reduced by loss of forest habitat, mosquito-borne diseases, introduced predators, and other human impacts (VanderWerf and Smith 2002 , VanderWerf et al. 2006 , VanderWerf 2009 . No specimens of Oahu Elepaio were collected in areas wetter or drier than the areas in which they still occur. The Kauai Elepaio may exhibit similar variation but has not been examined in detail.
Bergmann's rule and a corollary to Janzen's rule.-The main Hawaiian Islands lie within tropical latitudes, but they experience considerable climatic variation because of their wide range of elevations, and the limited seasonality causes steep temperature gradients to persist year round. The highest elevations where the Hawaii Elepaio occur, above 2,500 m on the western slope of Mauna Kea, experience freezing temperatures in all months, and the potential for heat loss may be increased by Fig. 7 . Relationship of plumage color and annual rainfall in Hawaii Elepaios and Oahu Elepaios. Elepaios were more heavily pigmented in areas with higher rainfall on both islands, as predicted by Gloger's rule. Rainfall was a significant predictor for 17 of 20 plumage characters in Hawaii Elepaios and 2 of 20 in Oahu Elepaios. Significant relationships (P < 0.0026) are indicated by an asterisk; ns = regressions that were not significant. For results of regression analyses, see Table 4 . Figure 7 is continued on the next two pages.
strong winds and open woodland habitat that allows substantial air flow and convective heat loss overnight. By contrast, the low-elevation rainforests inhabited by the Hawaii Elepaio at Piihonua and Puna are warm all year and throughout the day, are very humid, and experience limited air flow and convective heat loss because of the dense forest canopy. 
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Most examples of Bergmann's rule come from temperate continental species, and several authors have commented that climatic seasonality may promote geographic size variation (Lindstet and Boyce 1985 , Murphy 1985 , Graves 1991 . However, in tropical areas where sufficient climatic variation exists as a result of varying topography, reduced seasonality could promote morphological variation in resident species through local adaptation. This rationale is similar to Janzen's (1967) argument for why mountain passes are more effective barriers to dispersal in the tropics. This idea is based on the fact that lower seasonal variation in ambient temperature in the tropics reduces overlap in thermal regimes between low-and high-altitude sites. Janzen (1967) predicted that mountain passes therefore represent greater physiological barriers to dispersal for lowland tropical organisms, which should favor narrower distributions in the tropics and an increase in species turnover along altitudinal gradients. McCain (2009) tested the most important prediction of Janzen's rule and confirmed that in most groups of vertebrate animals, tropical species indeed have narrower elevational ranges. Janzen's (1967) argument also included assumptions that tropical organisms have a narrower thermal tolerance than temperate species and are less likely to evolve in response to climatic variation, but Ghalambor et al. (2006) showed that tropical species inhabiting high altitudes can have broad climatic tolerance and that the ability of tropical species to evolve in response to climate has not been adequately tested. Elepaios appear to be particularly plastic with respect to climate and have readily evolved in response to climatic variation. Mountain passes have not served as barriers to dispersal by the Hawaii Elepaio ), but other aspects of Janzen's rule help explain the small-scale morphological adaptations they exhibit. A corollary to Janzen's rule appears to be that, in species that are able to evolve in response to climatic variation, mountain passes cause greater morphological variation and finer-scale local adaptation in the tropics.
Previous studies have reported that Bergmann's rule is more common in resident than in migratory species (Zink and Remsen 1986 ; but see Ashton 2002) , but this pattern may be reversed in temperate and tropical species. Tropical resident species would be more likely to exhibit Bergmann's rule because they are subject to a single, consistent thermal regime throughout the year, whereas temperate residents would experience a much wider climatic range that could inhibit thermoregulatory adaptation via body size. Migrants also experience varying climates during their travels and often migrate to escape seasonal climatic variation. Elepaios are resident and sedentary, and their variation in body size and plumage color is closely tied to the narrow climatic range experienced by individuals. By contrast, two widespread species of Hawaiian honeycreepers, the Apapane (Himatione sanguinea) and Iiwi (Vestiaria coccinea), are less sedentary and exhibit no morphological variation within or even among islands (MacMillen and Carpenter 1980 , Ralph and Fancy 1995 , Pratt 2005 , presumably because higher gene flow has prevented local morphological adaptation.
Ambient temperature is the climatic variable most often associated with body size (Ashton 2002 , Millien et al. 2006 , but the thermal environment experienced by organisms is also influenced by other factors. Temperature and humidity were important predictors of body size in House Sparrows (Johnston and Selander 1971) and American Robins (Turdus migratorius; Aldrich and James 1991). More sophisticated measures of thermal environment have been developed, such as operative temperature (Bakken 1992) , but the data required to calculate such measures are often not available from a sufficient number of sites at a landscape scale. In Hawaii Elepaios, temperature was a better indicator than rainfall of most body measurements and appeared to be more important overall, but rainfall was a better predictor of tail length and appeared to play some role.
Thermoregulatory adaptation and fasting ability are the two mechanisms most often proposed for Bergmann's rule (Scholander 1955 , Mayr 1956 , James 1970 , Boyce 1979 , but testing and distinguishing these mechanisms has been difficult (McNab 1971 , Dunbrack and Ramsay 1993 , Ashton 2002 , Olson et al. 2009 ). Fasting endurance is related to fat deposition (Lindstet and Boyce 1985) , but elepaios at all elevations rarely had significant fat deposits and usually had a fat score of zero or trace (E. VanderWerf unpubl. data), which suggests that fat deposition and, thus, fasting endurance were not related to temperature. Table 5 . Diagnosability indexes of Hawaii Elepaio subspecies using the 75% rule as prescribed by Patten and Unitt (2002) . Values >0 (marked with an asterisk) indicate characters that distinguished ≥75% of individuals in two samples. Chasiempis sandwichensis ridgwayi and C. s. bryani were distinguished by length of white tips on the greater coverts, amount of white in the brow, and brow value, and C. s. ridgwayi and C. s. sandwichensis were distinguished by breast hue, but none of the subspecies could be distinguished from both other subspecies at the 75% level using any character. Fasting endurance has been proposed primarily on the basis of studies of mammals (Lindstet and Boyce 1985 , Millar and Hickling 1990 , Dunbrack and Ramsay 1993 . Birds, except for long-distance migrants, may deposit fat to a lesser degree than mammals because of the weight constraints imposed by flight. Resident insectivorous birds like elepaios may have more difficulty than migratory species or nectarivorous or frugivorous species in accumulating energy reserves, and the selective mechanism for Bergmann's rule may differ not only between birds and mammals, but also among birds in different feeding guilds and with different movement patterns. Allen's rule.-Elepaios conformed to Allen's rule for bill length and tarsus length but not for wing length or tail length, which is perhaps not surprising. Heat loss in birds occurs primarily from unfeathered areas, typically the bill, face, legs, and feet (Steen and Steen 1965 , Phillips and Sanborn 1994 , Symonds and Tattersall 2010 . Although the wings are the largest appendage in most birds and have large surface area, they are well insulated with feathers and lose little heat. Tail length in most birds is determined primarily by length of the rectrices, and heat loss through the keratinous tissue of these feathers is minimal. The bony tissue of the tail is reduced in birds to the pygostyle, and muscles and associated tissues that control and supply the tail do not extend far from the body core. By contrast, the bill, legs, and feet are bare of feathers and uninsulated in most birds and allow substantial heat exchange with the environment Heath 1995, Symonds and Tattersall 2010) . Negative relationships between bill length and temperature or latitude have been found in several bird species (Snow 1954 , Laiolo and Rolando 2001 , Symonds and Tattersall 2010 , and the bill is known to be an important surface for heat exchange (Hagan and Heath 1980, Midtgard 1984) . In the Toco Toucan (Ramphastos toco), a tropical species with a particularly large bill, Tattersall et al. (2009) showed that 30-60% of body heat was lost through the bill and that the bill served as an important thermoregulatory organ through which heat exchange Chasiempis sandwichensis bryani and C. s. ridgwayi differed in mean greater-covert tip length, amount of white in the brow, and brow value, and C. s. ridgwayi and C. s. sandwichensis differed in breast hue, but none of these variables could be used to distinguish all three subspecies.
was regulated by variable blood flow. The legs and feet also provide large uninsulated surfaces for heat exchange, and since they are often in direct contact with solid substrates that have higher specific heat than air, they have high potential for heat exchange. Inverse relationships between temperature and leg length have been reported in several species, particularly seabirds, gulls, terns, and shorebirds (Cartar and Morrison 2005 , Nudds and Oswald 2007 , Symonds and Tattersall 2010 . Although most studies of Allen's rule have focused on limbs, particularly the legs, Symonds and Tattersall (2010) argued that bird bills may illustrate Allen's rule more strongly because heat loss through the legs is minimized through counter-current vascular heat-exchange systems (Ederstrom and Brumleve 1964, Johansen and Millard 1973) . No such vascular countercurrent heat exchange is known in the bill, which makes it a greater potential source of heat exchange and, thus, more subject to selection and local adaptation in response to varying thermal environments.
Gloger's rule.-The underlying cause of plumage color variation in elepaios is not certain, but most mechanisms can be ruled out by various evidence, leaving resistance to microbial feather degradation as the most likely explanation. Thermoregulation is unlikely to be the cause of plumage color variation because elepaios have paler plumage and larger white markings in areas that are both hot and dry and cold and dry. Furthermore, the white markings cover only a small portion of the plumage; if heat absorption or reflectance were of primary importance, one would expect these markings to be more extensive. Predation on adult elepaios is rare and annual survival is high, >80% (VanderWerf 2008 (VanderWerf , 2009 . Moreover, there is no reason to suspect that predator abundance or predation pressure is higher in wet or dry habitats. The main extant predator of the Hawaii Elepaio is the Hawaiian Hawk (Buteo solitarius; VanderWerf 1998), which occurs throughout the range of the Hawaii Elepaio and is common in areas of both high and low rainfall (Klavitter et al. 2003) . The Hawaiian Short-eared Owl (Asio flammeus sandwichensis) may prey on elepaios occasionally (Snetsinger et al. 1994) , but it and other avian predators, such as the extinct Grallistrix owls (Olson and James 1991) , also are or were widespread. Energetic variation does not explain the plumage differences among locations, or those among age classes, because the contrasting white marks on the wing coverts, rump, and tail that characterize adult plumage are caused by lack of pigment and, thus, are not physiologically costly to produce (VanderWerf 2001, VanderWerf and Freed 2003) .
Several species of feather-degrading bacteria have been found on feathers of a variety of bird species, and they appear to be pervasive (Burtt and Ichida 2004, Whitaker et al. 2005) , but the identity and prevalence of such bacteria may vary considerably among and within species (Gunderson 2008) . I collected 48 Hawaii Elepaio feather samples that were tested for Bacillus licheniformis, but no feather-degrading bacteria were cultured from them (E. Burtt pers. comm.). Several soil samples collected from elepaio habitat also failed to produce any Bacillus. However, the cultivation techniques used were highly selective of the genus Bacillus and narrowed the range of bacteria that could have been detected (Gunderson 2008) . More inclusive cultivation methods have yielded higher prevalence of feather-degrading bacteria in some birds (Shawkey et al. 2007 ) and greater diversity of bacterial species in others (Shawkey et al. 2005) , and they might be productive with elepaios and other Hawaiian birds. Some fungal species are also known to have keratinolytic properties and could have a similar effect on avian plumage (Gunderson 2008) .
Relation of morphology, genetics, and behavior.-Geographic variation and, ultimately, speciation depend on a complex interaction of gene flow, local adaptation, and environmental gradients (Coyne and Orr 2004, Nosil et al. 2009 ). Local adaptation may be inhibited by gene flow from the center of a species range toward its periphery as a result of varying environmental conditions. Similarly, the steepness of environmental gradients responsible for selection of certain characters can influence the geographic scale over which an optimal phenotype persists. Although these arguments were originally used as mechanisms to explain the limits of a species range, they can also be applied to patterns of intraspecific variation in locally adapted characters.
Body size and plumage color of the Hawaii Elepaio varied over small geographic areas, and this spatially compressed morphological adaptation was caused by an adaptive landscape formed by steep gradients in temperature and humidity. This landscape varies geographically because rainfall and temperature gradients are not parallel and are created by multiple volcanoes, resulting in a complex environment in which elepaios are exceptionally plastic. The extent to which phenotypic variation and local adaptation has evolved in the Hawaii Elepaio is also related to their dispersal behavior and mating system. Elepaio dispersal is driven by intraspecific competition and territory availability; young birds usually disperse only far enough to find a vacant territory and a mate, which in dense populations is typically only a few hundred meters (VanderWerf 2008) . The short dispersal distances limit gene flow, producing adaptation to local environmental conditions at a small geographic scale. The limited dispersal and localized phenotypic variation of Hawaii Elepaios also was reflected in their genetic population structure; mitochondrial DNA (mtDNA) showed significant structure, but most of the variation was partitioned among sites within the ranges of putative subspecies, not among the subspecies ).
Morphological variation of elepaios within each island was smoothly clinal because there were few barriers to dispersal at a landscape scale and because elepaios are adaptable and inhabit areas with a wide range of climates and vegetation types (Cicero and Johnson 2006) . There were no large breaks in elepaio size or coloration because there are no large barriers that have prevented gene flow from occurring throughout each island. On Hawaii, areas of bare lava from recent volcanic events and unforested alpine areas on Mauna Kea and Mauna Loa may inhibit elepaio dispersal to some extent, but continuous forest encircling these volcanoes at lower elevations provided a pathway for gene flow around the island ).
The sedentary behavior of elepaios also affects cultural transmission and geographic variation of their songs, which in turn can influence mate choice. Young oscine passerines usually learn songs from adult tutors early in their developmental period (Catchpole and Slater 1995) and retain a long-lasting memory of the tutor's song that largely shapes their own song (Phan et al. 2006) . VanderWerf (2007) used inter-island song-playback experiments to show that elepaios on Kauai, Oahu, and Hawaii responded more strongly to playbacks of songs from their own island and suggested that song could serve as a behavioral reproductive isolating mechanism. Similar experiments within islands revealed that elepaios responded more strongly to songs from their own region than to songs from more distant parts of the island (E. VanderWerf unpubl. data). These local song dialects may be reinforced by the sociobiology of elepaios, in which young birds usually disperse only far enough to find a vacant territory and a mate.
Variation and subspecies.-The putative subspecies of Hawaii Elepaio were not diagnosable using the 75% rule as prescribed by Patten and Unitt (2002) , but this does not mean that morphological variation in elepaios is unimportant or that the described subspecies are without value. 24 ORNITHOLOGICAL MONOGRAPHS NO. 73 The subject of avian subspecies has been controversial, with widely varying viewpoints about the value and purpose of subspecific taxonomy that stem largely from adherence to different species concepts (James 2010 , Winker 2010 ). Another source of contention has been the naming of subspecies along smooth clines, where in theory an unlimited number of subspecies could be named provided that sample sizes from each location were sufficiently large (Patten and Unitt 2002) . This has occurred to varying degrees in several North American bird species, including the Sage Sparrow (Amphispiza belli; Patten and Unitt 2002, Cicero and Johnson 2006) , Savannah Sparrow (Rising 2007) , and Yellow-throated Warbler (Dendroica dominica; McKay 2008) , and also in the Hawaii Elepaio. More sophisticated methods of attempting to distinguish subspecies have been devised (Patten 2010) , but because all aspects of Hawaii Elepaio plumage variation were smoothly clinal, it is unlikely that other techniques would reveal greater differentiation. Nevertheless, the described subspecies represent historical advances in studies of Chasiempis and have helped increase our understanding of geographic variation, which Cicero (2010) reported was also important in the Sage Sparrow. Fitzpatrick (2010) argued that subspecies, even if not biologically valid, provide a convenient means of describing variation, and this view is relevant to the Hawaii Elepaio. Referring to elepaios as "C. s. bryani" is simpler than describing them as "pale, white-headed birds from high-elevation dry forests on Mauna Kea." In the following section, I discuss how variation in Hawaii Elepaio morphology is not always concordant with the putative subspecies, though I continue to use the subspecies names for convenience.
The clinal nature of variation in Hawaii Elepaio morphology was less evident previously because data were available from fewer locations that encompassed less of the species range (Pratt 1980: fig. 1 ). Addition of data from intervening locations sampled in the present study showed that variation was not so discrete and that the zones of intergradation were broader than was previously recognized (Fig. 1) . Some overlap can be expected among subspecies, but this should occur along narrow contact zones. The zone of intergradation was particularly broad in the Kau area on the southeast flank of Mauna Loa. Rainfall in this area is generally lower toward the west, but it declines in a complex pattern that results from the interaction of rain shadows cast by Mauna Loa and Kilauea, forming a second rainfall peak in central Kau (Fig. 1) . The appearance of elepaios across this region mirrored the complex climate, with darker birds in the Volcano region grading into paler birds in the rain shadow near Kapapala and on the higher slopes of Mauna Loa, then becoming darker again farther west around the second rainfall peak in central Kau. Henshaw (1902) and Pratt (1980) recognized elepaios from Kau and Kapapala as intergrades, and the results of the present study reveal that this zone of intergradation is broader and more complex than was previously realized.
The clinal nature of Hawaii Elepaio morphological variation has also been obscured by extensive habitat loss and disappearance of elepaios from some portions of their former range. For example, elepaios that inhabit high-elevation dry forests of Mamane (Sophora chrysophylla) and Naio (Myoporum sandwicense) on the western slope of Mauna Kea near Puu Laau have been described as a separate subspecies, C. s. bryani (Pratt 1979) . These birds occupy the coldest, driest habitat of any elepaios and thus represent an extreme form of the dry forest phenotype that is characterized by less pigmentation and generally paler plumage (Pratt 1980) . However, MamaneNaio forest was formerly more widespread and has been reduced by clearing for ranching and browsing by cattle and feral sheep. These actions have greatly decreased the distribution of the Palila (Loxioides bailleui), an endangered Hawaiian honeycreeper that is specialized in foraging on Mamane seed pods and whose present range coincides with that of C. s. bryani (Leonard et al. 2008) . The ranges of both Palila and C. s. bryani have been truncated because their habitat is now largely confined to the upper slopes of Mauna Kea, particularly the western slope. When forest cover was more continuous, the C. s. bryani plumage type would have been more widespread and would have graded into areas of higher rainfall to the north, west, and south. Vestiges of this pattern are still evident in the form of plumage color variation within C. s. bryani. Pratt (1980) stated that "all Elepaios at this locality were similarly colored," but this is not true. Two of 17 specimens from Puu Laau described as paratypes of C. s. bryani and several live birds examined during the present study did not exhibit the pale plumage and white head purported to be characteristic of this subspecies (Fig. 10D, H) . These seemingly atypical individuals are not aberrant and should not be overlooked; they represent an interesting legacy of dispersal and genetic introgression that occurred until the area became isolated by loss of forest habitat in the past 150 years.
Another remnant of Mamane-Naio dry forest occurs at the U.S. Army Pohakuloa Training Area (PTA), which is located 20 km south of Puu Laau and supports a small and declining elepaio population that is now isolated by open habitat and has not been described previously. Some of this isolation is the result of volcanic activity from Mauna Loa and Hualalai volcanoes, but isolation has been greatly increased by loss of forest habitat to military training, cattle ranching, and browsing by feral sheep and goats. Most elepaios in this area were fairly pale and typical of C. s. sandwichensis, but some had the largely white head thought to be characteristic of C. s. bryani and others were darker and more similar to individuals of C. s. ridgwayi found farther east. This variation is perhaps not surprising given the location of Pohakuloa on a broad central plateau among three high volcanoes. As at Puu Laau, the variability of elepaios at PTA represents a legacy of prior dispersal from all directions that occurred when forest habitat was more continuous.
Kalopa State Park, on the northwestern slope of Mauna Kea, contains the last remnant population in a region regarded by Henshaw (1902) and Pratt (1980) to be a zone of overlap between C. s. ridgwayi and C. s. bryani. This area is located in a transition from the wet forest that covers the eastern slopes of Mauna Kea to its drier western aspect. Elepaios from Kalopa did have some white in the brow, like C. s. bryani, and were somewhat larger than expected given the elevation, which suggests that there has been gene flow from higher on Mauna Kea. Most of the native forest in the upper elevations of northern Hamakua and Waimea has been destroyed, however, and Kalopa is now isolated from the main population of C. s. ridgwayi to the southeast and from the Mamane-Naio forest occupied by C. s. bryani to the south. It seems unlikely that there is currently any gene flow or that this tiny population remnant, which in 2007 consisted of four single males, will be rescued by immigration. Elepaios from Mana and Waimea were regarded by Pratt (1980) as belonging to C. s. bryani, but the only three specimens from these locations were actually quite dark and more similar to C. s. ridgwayi, which suggests that they may have been collected farther east and labeled with the locality where the collector had stayed the night. I treated Mana and Waimea as being within the zone of intergradation.
Elepaios in the Kona region on the western side of Hawaii, regarded as C. s. sandwichensis, also exhibited substantial color variation that confounded subspecific categorization. These birds were paler, on average, as first noted by Henshaw (1902) , but some individuals from wetter areas in Kona, such as The Nature Conservancy's Kona Hema Preserve and the Kona Forest NWR, were similar in many respects to C. s. ridgwayi. Perhaps most striking, some birds from lower Manuka Natural Area Reserve and Ocean View Estates were virtually indistinguishable from C. s. bryani (Fig. 10G ). These sites are as dry as Puu Laau, the type locality for C. s. bryani, so the similarity of elepaios inhabiting these sites should not be surprising. Elepaios with plumage similar to that described for C. s. bryani were also found in other areas with dry climate, including the upper elevations of Mauna Loa in Hawaii Volcanoes National Park and the upper elevations of Hakalau Forest NWR (Fig. 10F) .
The lack of consistent genetic differences among the putative subspecies in the loci examined thus far does not imply that genetic variation does not exist in the Hawaii Elepaio or that such variation is unimportant. In fact, VanderWerf et al. (2009) found significant variation in the mtDNA ND2 gene and the nuclear LDH gene of the Hawaii Elepaio, but in both loci most variation was partitioned among sites within the putative subspecies, not among the subspecies. Neutral genetic markers such as mtDNA are less likely to correspond with phenotypic variation, and evidence from mtDNA alone is insufficient to state that observed phenotypic variation is unimportant or not adaptive (Funk and Omland 2003 , Mumme et al. 2006 , Rising 2007 , Edwards and Bensch 2009 ). Ballentine and Greenberg (2010) found that phenotypic differences between populations of the Swamp Sparrow (Melospiza georgiana) were under genetic control and likely were adaptive, despite lack of differentiation in mtDNA. Similarly, Pruett and Winker (2010) found that mtDNA reflected little information about Song Sparrow subspecies, but they concluded that differences in body mass and microsatellite allele frequencies supported continued recognition of subspecific units for taxonomy and conservation because they may represent recently 26 ORNITHOLOGICAL MONOGRAPHS NO. 73 diverged populations that have not been isolated long enough for complete lineage sorting using mtDNA markers yet have accrued important biological diversity below the level of full species. In the Hawaii Elepaio, mtDNA already has revealed significant variation that corresponds with phenotypic patterns and likely reflects, but is not responsible for, adaptive differentiation. Examination of additional nuclear markers might reveal further differentiation, but it likely would occur at small geographic scales and, thus, still not coincide with putative subspecies.
Conservation and management implications.-The ability of a population to adapt to environmental change is dependent on sufficient genetic variation. Protecting the diversity of habitats responsible for maintaining local adaptations in elepaio morphology will help maximize their evolutionary potential and ability to cope with change. However, preservation of the environmental gradients alone is not sufficient to ensure evolutionary potential; extirpation of locally adapted populations and the haplotypes they carry may cause permanent loss of biodiversity and compromise evolutionary potential (Ballentine and Greenberg 2010) . Such loss probably has already occurred in the Oahu Elepaio. Global climate change is expected to cause warmer and drier conditions, on average, in the Hawaiian Islands (U.S. Environmental Protection Agency 1998, Benning et al. 2002 , Christensen et al. 2007 and is likely to exacerbate many existing threats to Hawaiian forest birds. Conservation of elepaio phenotypes already adapted to these conditions might enhance long-term survival of Chasiempis species, and conservation of phenotypic variation in general will maximize their ability to adapt to unforeseen changes in the future.
Translocation or release of captive-bred elepaios to areas where they have been extirpated or declined can be an appropriate management strategy to restore populations or stabilize numbers (USFWS 2006), but birds should be taken from areas with habitat and climate as similar as possible to that of the target area in order to preserve and benefit from any local adaptation in plumage color, body size, and other characters and so that locally evolved phenotypes are not compromised.
